The primary aim of this study was to determine whether distinct gastrointestinal tract (GIT) microbial communities are established within ingesta and on mucosal surfaces of dairy calves and chickens to evaluate whether the principle of microbial segregation is of broad biological significance. Multivariate analysis of the predominant bacterial PCR-denaturing gradient gel electrophoresis profiles and estimated bacterial populations were compared in rumen, jejunum, ileum, cecum, and colon ingesta and matching mucosal tissues. Samples collected from 3-week old (n = 8) and 6-month old (n = 8) calves revealed that the predominant mucosa-associated bacteria were distinct from those inhabiting ingesta, and bacterial diversity varied significantly among the GIT regions. The estimated bacterial populations displayed significant regional differences for bovine mucosal (P = 0.05) and for ingesta (P = 0.03) only at 6 months of age. This indicates an established segregation of the enteric bacterial population throughout the GIT in weaned calves. Analysis of ileal and cecal bacterial profiles in chickens confirmed that the segregation of commensal bacteria between ingesta and the mucosal tissue was a common biological phenomenon. Our study provides some fundamental understanding of the impact of sample type (mucosa vs. ingesta), region, and host age on commensal bacterial establishment and segregation throughout the GIT.
Introduction
The mammalian and avian gastrointestinal tracts (GIT) contain dynamic microbial populations and are rapidly colonized during and after birth. The newborn acquires GIT microorganisms from their mother, the surrounding environment, and their diet (Mackie et al., 1999) . The enteric microbial community consists of autochthonous (lifelong interaction with host) and allochthonous (transient) populations, which both play important roles through the host's life (Mackie & White, 1997) .
Research on GIT microorganisms has been limited in the past by the complexity of the microbiota and inability to culture many GIT bacterial species which are obligate anaerobes (Fakhry et al., 2009; Walker, 2010) . With the development of molecular biological tools, there has been a substantial increase in research to analyze the gut microbiome and establish specific associations with host biological functions. Metagenomics (sequencing analysis of total DNA from environmental samples) is one technique recently applied to characterize gut microbiota and study its predicted functions (Handelsman, 2004) . These analyses have revealed the complexity of such microbial communities and established correlations between imbalances in the gut microbiome and perturbations of host health, such as obesity and other related metabolic disorders (Ley et al., 2006; Turnbaugh et al., 2009; Ley, 2010; Sanz et al., 2010) . Most of these studies used feces as representative samples because of limited access to the GIT (Gill et al., 2006; Ley et al., 2008; Walker, 2010) . It is known that conditions within the GIT differ depending on region and sample type (mucosal tissue/ingesta) ( Van et al., 2011) , and these differences may result in site-specific microbial communities. For example, the number and diversity of lactic acid bacterial species are different when comparing stomach, ileal, and cecal contents in pigs (van Winsen et al., 2001) . Recent studies have also reported that mucosa-associated microbiota in the colon was distinct from the predominant bacteria found in feces, and such microbiota influenced TLR2 and TLR4 expression on epithelial cells in mice (Zoetendal et al., 2002; Wang et al., 2010) . However, our understanding of microbiota segregation between the mucosa and ingesta is still very limited with no knowledge to what extent regional differences are established throughout the GIT.
We hypothesized that mucosa-associated bacteria are a distinct community from bacteria inhabiting the ingesta, and such variation exists among different regions throughout the GIT. We also speculated that the age of animals is one of the factors determining bacterial populations in the GIT. Dairy calves and chickens were used to analyze bacterial diversity and populations detected from the mucosal tissue and ingesta along the GIT, and calves were used to determine whether there were agedependent effects on bacterial population throughout the GIT. Bacterial communities were compared on the basis of diversity generated from PCR-denaturing gradient gel electrophoresis (PCR-DGGE), and bacterial density was estimated by the quantification of bacterial 16S rRNA gene copy numbers.
Materials and methods

GIT mucosal tissue and ingesta sample collection from dairy calves
One-week old, castrated male, Holstein calves were purchased from a commercial dairy farm and housed at the Vaccine and Infectious Disease Organization (VIDO), University of Saskatchewan. All experimental protocols were reviewed and approved by the University Committee on Animal Care (University of Saskatchewan, protocol: 20020105) , and all procedures were performed following guidelines of the Canadian Council on Animal Care. Calves were reared at VIDO and fed fresh, nonpasteurized whole milk and Blue Medollian calf supplement (Ridley Inc., Feed-Rite, MB, Canada) for the first 12 weeks. Calves were then fed alfalfa hay and 1 kg oats per day supplemented with trace minerals, for the next 4 months.
Mucosal tissue and ingesta were collected from 3-week old (n = 8) and 6-month old (n = 8) male Holstein calves. Calves were humanely euthanized with an intravenous injection of Euthanyl ® (240 mg mL
À1
; Bimeda-MTC Animal Health Inc., Cambridge, ON, Canada), and intestinal tissue was immediately collected. GIT tissues from each site were rinsed three times with phosphatebuffered saline to remove ingesta, cut into 4 to 5 mm 2 segments, immersed in 59 the volume of RNAlater (Applied Biosystems, Foster City, CA, USA), and stored at À80°C. Ingesta was collected from each mucosal tissue collection site, and 200 lL of ingesta was mixed in 1 mL RNA later and stored at À80°C until further analysis.
GIT mucosal tissue and ingesta sample collection from chicken All experimental procedures in the chicken study were approved by the ethics committee of McGill University (protocol: 09-Rech-1480). Cobb 500 broiler chicks were purchased from a local commercial hatchery (La Coop Fédérée Couvoir Provincial, Victoriaville, QC, Canada) and reared in cages in an environmentally controlled room at McGill University. A standard brooding temperature regimen of 32°C that decreased by 0.5°C daily was followed with tunnel ventilation and 20/4 hours light/ dark cycle. Chickens were fed a standard, nonmedicated, corn-soybean meal diet and water ad-libitum as described by Baurhoo et al. (2009) .
Ileal and cecal tissues and contents were sampled from chickens at 10 (n = 4) and 16 (n = 4) days of age. Immediately after CO 2 asphyxiation, ileal and cecal ingesta and mucosal segments (2 cm) were collected, snap-frozen in liquid nitrogen, and kept at À80°C until later analysis. All tissue samples were consistently collected from the same GIT location for all animals, and contents were collected from the same site where mucosal tissue was sampled.
DNA extraction
Total DNA was extracted from mucosal tissue and ingesta samples (~100 mg, all samples were weighted before DNA extraction) using the bead beating method as described by Li et al. (2009) . Briefly, samples were subjected to physical disruption in a BioSpec Mini Beads beater 8 (BioSpec, Bartlesville, OK, USA) at 4800 r.p.m. for 3 min, followed by phenol/chloroform/isoamyl alcohol (25 : 24 : 1) extraction of DNA. DNA was precipitated with cold ethanol and dissolved in nuclease free water (30 and 40 lL for ingesta and mucosal tissue, respectively). The quantity and quality of DNA were measured using ND1000 spectrophotometer (NanoDrop Technologies, Wilmington).
PCR-DGGE analysis
Total DNA extracted from ingesta samples was diluted to a final concentration of 50 ng lL
À1
, and total DNA from mucosal tissue samples was diluted to 25 ng lL
. Nested PCR was performed for DNA extracted from mucosal tissue samples using 27F and 1492R bacterial primers (27F, 5′-AGAGTTTGATCMTGGCTCAG-3′; 1492R, 5′-TAC-GGYTACCTTGTTACGACTT-3′) (Weisburg et al., 1991) to enrich bacterial 16S rRNA full-length genes (~1.5 kb) following amplification of a product targeting V2-V3 region by HDA1-GC and HDA2 primers (HDA1-GC, 5′CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACG GGGGGACTCCTACGGGAGGCAGCAGT-3′; HDA2, 5′-GT ATTACCGCGGCTGCTGCTGGCAC-3′) (Walter et al., 2000) . Conventional PCR was performed for DNA extracted from ingesta samples using HDA1-GC and HDA2 primers. PCR products (200 bp) were run on a 6% acrylamide gel with 30-55% gradient using Bio-Rad DCode Universal Mutation Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA) at 130 V, 60°C for 4 h. Gels were stained with 1% (v/v) ethidium bromide, viewed with FluorChem SP imaging system (Alpha Innotech, San Leandro, CA, USA).
Analysis of PCR-DGGE band patterns was conducted using Bionumerics ® software package version 6.0 (Applied Maths, Austin, TX, USA). All gels were normalized using a reference ladder of PCR products prepared with 12 different plasmid DNAs containing the known sequences from a rumen tissue 16S rRNA gene clone library constructed in another study (Li et al., in press) which was run on each gel. The comparison between mucosal tissue and ingesta for each GIT sample site was performed using the Dice's similarity coefficient (D sc ) with individual animals analyzed separately. Dendrograms were generated using unweighted pair group with mathematical averages (UPGMA) at 1% position tolerance.
The total number of bands was determined based on the best-fit Gaussian curve for each band, following the method described by Hernandez-Sanabria et al. (2010) . Each band belongs to one particular category which was considered as one bacterial phylotype. Bacterial phylotype richness for a particular region was defined as the total number of PCR-DGGE bands present in each mucosal tissue and ingesta sample. To calculate the relative abundance of common bacterial phylotypes, shared bands between mucosal tissue and ingesta were counted for each individual. The shared band count was then divided by the total number of bands present in both mucosal tissue and ingesta for each GIT region.
Analysis of 16S rRNA gene libraries
Total DNA extracted from ileum mucosal tissue and ingesta of individual animals was diluted to 50 ng lL À1 concentration. The 16S rRNA gene was amplified using 27F and 1492R primers from individual animals and verified on an agarose (1.0%) gel. Then, the amplicons were pooled for tissue and ingesta, respectively, and a~1.4-kb DNA fragment was extracted from 1.0% agarose gel using QIAEX II Gel Extraction kit (QIAGEN Sciences, MD, USA) following the manufacturer's instructions. The purified DNA was then cloned into a TOP10 vector (TOPO TA cloning kit; Invitrogen, Carlsbad, CA, USA) using chemical transformation. Seven hundred colonies were randomly selected from S-Gal medium (Sigma, St. Louis, MO, USA), and plasmid DNA was extracted using Millipore Plasmid Extraction kit (Millipore, Billerica, MA, USA). Sequence reaction was performed in 10 lL total volume, containing 0.5 lL of BigDye, 3.2 pmol of M13 forward primer (5′-CGCCAGGGTTTTCCCAGTCAC-GAC-3′) for TOP10 vector (TOPO TA cloning kit; Invitrogen), 2.0 lL of 59 sequencing buffer, 100 ng of plasmid DNA as the template with ABI 3730 sequencing system using ABI PRISM BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems), to generate partial 16S rRNA gene sequences (~800 bp).
The sequences were subjected to chimera sequence check using the Bellerophon program (Huber et al., 2004) and chimera sequences removed prior to data analysis. The sequences with good quality (600 bp) of each colony were compared using the RDP Classifier online tool (http://rdp.cme.msu.edu/) (Wang et al., 2007) and were aligned using ClustalW program (http://www.ebi.ac. uk/Tools/clustalw2/). These sequences were then analyzed using Mothur program (http://www.mothur.org/wiki/ Main_Page) by comparing generated operational taxonomic units (OTUs) based on 97% similarity of the sequences as described by Zhou et al. (2009) to compare the similarity (Shannon index), diversity, and richness between mucosal tissue and ingesta bacterial communities. All the sequences were submitted to NCBI database under the accession numbers JN575780-JN576426. qPCR analysis of total bacterial populations qPCR was performed using SYBR Green chemistry (Fast SYBR ® Green Master Mix; Applied Biosystems) and U2
primers (U2F, 5′-ACTCCTACGGGAGGCAG-3′; U2R, 5′-GACTACCAGGGTATCTAATCC-3′) (Stevenson & Weimer, 2007 ) with a StepOnePlus™ Real-Time PCR System (Applied Biosystems). The fast cycle and melt curve method was applied with the following program: 95°C for 10 min, followed by 40 cycles of 95°C for 20 s and 62°C for 1 min. A standard curve was constructed using serial dilutions of plasmid DNA containing the 16S rRNA gene sequence of Butyrivibrio hungatei. Copy numbers for each standard curve were calculated based on the following equation: (NL 9 A 9 10 À9 )/(660 9 n), where NL was the Avogadro constant (6.02 9 10 23 ), A was the molecular weight of DNA molecules (ng), and n was the length of amplicon (bp). The copy number of 16S rRNA genes for total bacteria per gram of sample was calculated using the following equation as previously reported (Li et al., 2009 ): (QM 9 C 9 DV)/(S 9 W), where QM was the quantitative mean of the copy number, C was the DNA concentration of each sample (ng lL À1 ), DV was the dilution volume of extracted DNA (lL), S was the DNA amount subjected to analysis (ng), and W was the sample weight subjected to DNA extraction (g).
Statistical analysis
All detected PCR-DGGE bands were categorized based on the best-fit Gaussian curve as described by HernandezSanabria et al. (2010) . Then, the frequency of each band per category [sample type (mucosal tissue vs. ingesta); gut region] was obtained using PROC FREQ (version 9.2; SAS Institute Inc., Cary, NC, USA), and results were plotted. The interaction between sample type and bands was analyzed using PROC CATMOD. Total bacterial population data, phylotype richness, relative abundance of common phylotypes, and D sc were analyzed using MIXED procedure in SAS. The statistical models included either gut region or sample site and age as fixed effects. Differences in least square means between locations were declared at P < 0.05 using the PDIFF option in SAS. Comparisons between mucosal tissue and ingesta were used to analyze sample type effect in both chickens and calves, comparisons between different GIT regions were used to analyze regional effect, and comparisons between 3-week old and 6-month old calves were used to analyze host age effect on bacterial density, phylotype richness, and relative abundance of common phylotypes in dairy calves.
Results
Comparison of detectable PCR-DGGE profiles from mucosa and ingesta as well as among different regions through GIT of calves
In this study, we used PCR-DGGE profiling to study the predominant bacterial diversity differences throughout the GIT. Firstly, the PCR-DGGE profiles generated from different sample types (mucosal tissue vs. ingesta) were compared within each region throughout the gut. The PCR-DGGE profiles generated from ingesta of all sample sites including rumen, jejunum, ileum, cecum, and colon were different from those generated from the matched mucosal tissues (data not shown). When index of D sc was used to compare mucosal tissue vs. ingesta PCR-DGGE profiles for each GIT region, D sc was significantly lower (P < 0.01) in jejunum and ileum when compared to cecum, colon, and rumen in 3-week old calves (Fig. 1) . However, no significant difference (P = 0.75) in mucosal tissue vs. ingesta bacterial diversity was observed for 6-month old calves.
Comparison of bacterial phylotype richness and relative abundance between mucosal tissue and ingesta as well as among different regions through GIT of calves To verify above observed bacterial diversity difference, we further compared the bacterial phylotype richness and relative abundance of the bacterial phylotypes between sample types and among gut regions. Based on the best-fit Gaussian curve for each band, 76 and 75 bands were obtained for 3-week and 6-month old calves, respectively, and 80 bacterial phylotypes (band categories) were defined based on both 3-week and 6-month old calves DGGE band patterns.
When the richness of the bacterial community in 3-week old calves was compared, a regional effect was not detected for either ingesta-or mucosa-associated communities (Table 1) . However, a significant sample type (mucosa vs. ingesta) effect was observed for ileum (P = 0.04), where ileal mucosa-associated bacterial community phylotype richness was higher than that of ingesta. A similar trend (P = 0.07) was observed for rumen and cecum (Table 1) . In contrast to 3-week old calves, 6-month old calves displayed a significant regional effect on ingetsa-associated bacterial phylotype richness, but there was no sample type effect. The richness of the bacterial phylotypes in 6-month old calves was lower in jejunal and ileal ingesta when compared to other regions, but no significant differences were detected for the mucosal-associated communities (Table 1) . When the age effect on richness of bacterial communities was analyzed, a significantly higher richness was observed for 3-week mucosal-associated bacterial communities in the rumen, jejunum, ileum, and cecum and the richness of ingestaassociated communities tended (P = 0.08) to be higher in 3-week rumen and jejunum than 6-month old calves (Table 1) . Further analysis of the relative abundance of common phylotypes revealed that jejunum and ileum mucosa and ingesta shared a significantly lower number of predominant phylotypes when compare to rumen, cecum, and colon of 3-week old calves (Table 2) . Although there was no significant regional effect on the relative abundance of common phylotypes, jejunum and ileum of 6-month old calves also shared fewer phylotypes compare to other gut regions (Table 2 ). However, the relative abundance of shared phylotypes in rumen, cecum, and colon of 6-month old calves was reduced significantly when compare to 3-week old calves ( Table 2) .
Analysis of association between bacterial phylotypes and sample types as well as regions
To further define how bacterial communities differ between mucosal tissue and ingesta, the associations between PCR-DGGE bands and sample types (mucosa vs. ingesta) as well as sample sites (region) were analyzed for each age category of dairy calves. Eight of 76 bands from 3-week old and 6 of 75 bands from 6-month old calves were associated with sample site (Table 3) . Significantly higher frequency of the presence of these bands detected from mucosal community revealed that all of these bands were more likely to be associated with mucosal tissue than ingesta. The same analysis was conducted for individual GIT regions to study band distribution regionally between mucosal tissue and ingesta. This analysis revealed that mucosa-specific bacteria phylotypes distribution varied throughout the GIT (Table 3) . For example, the segregation of band 44 between mucosal tissue and ingesta varied greatly among the four GIT regions analyzed.
16S rRNA library analysis of ileal mucosal tissue and ingesta-associated bacterial communities
To verify the above observed difference between mucosal tissue and ingesta-associated bacterial diversity, a sequence Means with same superscript within the same column are not significantly different at P < 0.05. *Environment effect on richness of predominant bacteria throughout the GIT of 3-week old claves. † Environment effect on richness of predominant bacteria throughout the GIT of 6-month old claves. ‡ Age effect on richness of mucosa-associated predominant bacteria throughout the GIT. § Age effect on richness of ingesta-associated predominant bacteria throughout the GIT. ¶ Gut region effect on richness of predominant bacteria throughout the GIT. Means with same superscript within the same column are not significantly different at P < 0.05. *Age effect on relative abundance of predominant species common to mucosal tissue and ingesta throughout the GIT of dairy calves. † Gut region effect on relative abundance of predominant species common to mucosal tissue and ingesta throughout the GIT of dairy calves.
analysis of partial 16S rRNA gene libraries was conducted for ileum of 3-week old calves. The ileum was selected for its direct involvement in host immune functions. In total, 145 and 69 OTUs were identified for mucosal tissue and ingesta libraries, representing 67.5% and 85% of each bacterial community, respectively. As shown in Table 4 , Shannon index, richness, and diversity of the mucosa-associated bacterial community were significantly different than those of ingesta. When the two communities were compared at phylogenic levels, mucosa-associated bacterial community was dominated by significantly higher Firmicutes (42.4%) followed by Bacteroidetes (40.4%), whereas ingesta-associated community was solely dominated by Firmicutes (93.4%).
Comparison of total bacterial populations in the GIT of calves
The total bacterial population at different GIT regions was estimated with q PCR analysis by measuring the total copy number of bacterial 16S rRNA genes. It is known that bacteria can possess multiple copies of 16S rRNA which may lead to an overestimation of population data (Dahllof et al., 2000) . No region and sample type effect was observed on the total bacterial population in ingestaand mucosa-associated communities of 3-week old calves (Table 5) , except a significant sample type effect was observed for cecum (P = 0.01). However, both GIT region and sample type had a significant impact on bacterial density of 6-month old calves (Table 5 ). Higher mucosa-associated bacterial numbers were observed in the rumen (P = 0.05) and higher ingesta-associated bacterial numbers in the rumen, cecum, and colon (P = 0.03) of 6-month old calves (Table 5) .
Moreover, mucosa-associated bacterial density was significantly lower than that of ingesta (Table 5) . A significant age effect was observed only with colon ingesta-associated (P = 0.02) and rumen mucosa-associated bacterial densities (P = 0.02).
PCR-DGGE analysis of detectable bacteria and estimation of total bacterial in ileum and cecum of chickens To confirm the segregation of bacteria between mucosal tissue and ingesta, we analyzed the PCR-DGGE profiles collected from the ileum and cecum of 10-day old (n = 4) and 16-day old (n = 4) chickens. PCR-DGGE profiles revealed 30 bands in total with four bands specific to mucosal tissue and four bands specific to ingesta. Among the mucosal tissue-specific bands, three were unique to ileum tissue and one was present in both ileum and cecum. Of the four ingesta-specific bands, two were present in the ileum ingesta and two were only present in the cecum (Fig. 2a and b) .
When the total bacterial population in the ileum and cecum of chickens was compared, no significant sample type, regional, or age effect observed on total bacterial densities (Table 6 ).
Discussion
Our study is the first to analyze sample type (mucosa vs. ingesta)-and region-dependent bacterial segregation as well as age-dependent bacterial diversity and density throughout the GIT of dairy calves and chickens. Despite the limitations associated with low-resolution DNA fingerprinting method (PCR-DGGE), small sample size for tissue and ingesta, and the small number of animals sampled, the present observations on the detectable predominant bacterial profiles supported the hypothesis that mucosaspecific bacteria colonize the GIT of cattle and chickens, two phylogenetically distinct species, and were distinct than those inhabit in ingesta. This observation is consistent with a recent report for human (Zoetendal et al., 2002) which further supports the conclusion that mucosaassociated commensal microbiota is a common phenomenon in a wide variety of species. Fraune & Bosch (2010) recently reported that Hydra epithelium grown under identical conditions for 20 years was colonized by a complex and dynamic microbial community and suggested that host selection of microorganisms was genetically encoded in the epithelium. Moreover, Bourlioux et al. (2003) reported that bacteria adhesion to the intestinal mucosa is genetically controlled by the host through the expression of different carbohydrates on the epithelium. Together with our results, these suggest that mucosal-associated microbial population in calves and chicken may also be impacted by the host through direct regulation the host-microbial interactions. To date, the evidence of the segregation of bacterial diversity between mucosal tissue and ingesta bacterial community through the GIT is very limited. The observed distinct PCR-DGGE profiles, variation at bacterial phylotype richness, and relative abundance between mucosal tissue and ingesta bacterial communities from both 3-week old and 6-month old calves in the present study strongly support the conclusion that mucosal bacterial community is significantly different than that of ingesta. Our data further confirm a diverse mucosa-associated bacterial community in the ileum, with greater OTUs, Shannon index, diversity, and richness than ileal ingesta. Mucosa-associated bacteria can influence intestinal cell proliferation and differentiation via short chain fatty acids (SCFA) production (Shanahan, 2002a, b) . It is known that gut environment vary because of the differences in chemical component such as pH, SCFA, and hormone secretion, as well as physical conditions such as surface structure of each region and ingesta particles' size ( Van et al., 2011 ). Zoetendal et al. (2002 reported that predominant colon mucosa-associated bacteria in humans were host-specific and different from those in feces, suggesting the dynamics of the bacterial communities throughout the GIT. Our results on different diversity of proximal region vs. distal region as well as regional effect on bacterial diversity and population also revealed region-specific dominant bacterial species throughout the GIT of dairy calves, suggesting that the further segregation of bacterial communities is a mechanism throughout the whole GIT. This is strong evidence that the fecal microbiome may represent only a portion of the gut microbiome. In fact, when fecal samples are used for analyses, the bacterial species belonging to the mucosa-associated populations will likely not be detected. In agreement with previous studies in humans and cattle, we also revealed age-related changes in the predominant bacterial phylotypes. Uyeno et al. (2010) reported that the fecal bacterial profile of dairy calves changed with the age and diet, and these changes included both extinction of abundance species present with a milk diet during the first few weeks of life and the emergence of new species following the transition to a solid diet. For example, Ruminococcus flavefaciens was only observed in weaned dairy calves (Uyeno et al., 2010) . Moreover, Hopkins et al. (2001) reported that bacterial composition of feces from children was dominated by facultative anaerobes and different than that of adult feces. Microorganisms entering the GIT of a young animal are more likely to colonize than bacteria entering the GIT of an adult animal which has a stable established enteric flora (Mackie et al., 1999) . This difference in colonization potential might contribute to the differences in predominant bacterial species observed when comparing 3-week and 6-month old calves. Furthermore, following bacterial colonization, changes occur inside the GIT, such as reduced energy and oxygen as well as altered expression of adhesion receptors on mucosal epithelium (Willemsen & de Graaf, 1992; Hopkins et al., 2001 ). In addition, higher phylotype richness was specifically observed in the jejunum and ileum mucosa of 3-week old calves than that of 6-month old calves. The bovine small intestine serves as an important immune induction site through the activity of the organized lymphoid tissue within the Peyer's patches (Griebel & Hein, 1996) . The significantly higher richness in the ileal mucosa-associated bacterial community based on with both DGGE and 16S rRNA gene library sequence analysis and a distinct pattern of mucosal lymphocytes and leukocytes distribution between jejunum and ileum in the same 3-week old calves (Fries et al., 2011) suggest this site may be essential for host immunity development. The recognition of both commensal microbiota and pathogens in early life of cattle by these mucosal immune cells may play a key role in both innate and adaptive immunity development. Further studies are required to determine whether commensal microbiota have a direct impact on immune cells development and function under different ages. Future studies with combined sequencing analysis of GIT bacterial communities and an analysis of mucosal leukocyte and lymphocyte populations in newborn and weaned calves may answer these questions in greater detail.
The sample type-associated and region-dependent bacterial diversity was also identified in the ileum and cecum of chickens. The present observations on the detectable predominant bacterial profiles throughout the GIT of these two phylogenetically distinct species suggest that segregation of bacterial community between mucosa and ingesta among different regions and under different ages represents the broader biological significance of commensal bacterial community establishment in animals. Further work is required to confirm whether the mucosa-associated community is more likely to be autochthonous and less responsive to external changes such as diet. Future studies comparing groups of animals fed different diets may provide direct evidence for specific factors that alter mucosa-and ingesta-associated bacterial diversity.
In addition to differences in bacterial community diversity, it is known that different populations of bacteria inhabit the various regions throughout the GIT in human, mice, and pigs (van Winsen et al., 2001; O'Hara & Shanahan, 2006) . This study is the first to estimate the population in mucosal-associated communities in GIT of calves and chickens. There was no significant regional effect on total bacterial population in ingesta-and mucosa-associated communities in 3-week old calves. However, in agreement with previous studies, we observed high individual variation in total bacterial population and species richness among individual 3-week old calves and a more stable enteric bacterial population and community among weaned calves. This indicates that early exposure of the newborn to microorganisms might play a crucial role in commensal gut flora establishment and relevant host functions (Mackie et al., 1999; Uyeno et al., 2010) . The observed difference in total bacterial populations in the proximal and distal GIT, regardless of age and animal species, may be due to the short transit time in the small intestine, which does not allow for bacterial growth as well as the functional differences between GIT regions such as intense microbial fermentation of indigestible feed particles in rumen, cecum, and colon, which may partly determine the colonization. Studies of culturable bacteria have determined that bacterial density in the small intestine is relatively low (10 4 -10 7 CFU mL
À1
) when compared to the large intestine (10 11 -10 12 CFU mL Shanahan, 2006) . However, our analysis using qPCR did not reveal a significant difference in bacterial density when comparing the proximal and distal GIT of dairy calves and chicken. The estimated total bacterial numbers by qPCR revealed a much higher population in the small intestinal tract of calves, suggesting that more uncultured species reside in small intestine. The low number of chickens analyzed may also have limited the analysis sensitivity for bacterial density. Future studies with a larger number of birds may be required to accurately determine whether significant regional differences exist in bacterial density in the GIT of chicken.
The present study provided evidence that large population of bacteria reside in the rumen of 3-week old calves. The bovine rumen, as a key fermentation site supplying nutrients for the production of volatile fatty acids, amino acids, and vitamins, has been widely studied since 1950 (Marshall et al., 1992; Martin & Nisbet, 1992; Robinson et al., 1998; Penner et al., 2009) . However, establishment of rumen microbial community has not been as well studied, and it was surprising to identify similar rumen bacterial populations and complicated bacterial profiles for both ingesta and mucosa samples, suggesting that colonization of the rumen epithelium-attached bacteria begins early in life. This raises a very interesting question: Is this initial population important for the development of later rumen bacterial populations? The early colonization of bacterial populations on the surface of the ruminal epithelial wall may help the animals to develop the capability to adapt to the solid feed particles as well as to other microorganisms needed after weaning. The ingestaassociated bacterial community is influenced by dietary changes, and this may be the reason for the high bacterial population in the rumen at 6 months. Recent studies have shown the distinct bacterial taxonomy for epithelial attached community in adult cows (Cho et al., 2006) and its adaptation to the dietary changes (Chen et al., 2011) ; future studies that sample epithelium-associated bacteria from the same individual from newborn to adults may further define adaptation responses of the bacterial community in this organ, which will supply fundamental understanding of their functions in the life span of ruminants.
Conclusions
Our study on regional and sample type (mucosa vs. ingesta) bacterial communities is the first to reveal the predominant bacterial profiles in the GIT of dairy calves and chickens and how they differed between different regions as well as between mucosal tissue and ingesta. The analysis of bacterial profiles revealed the presence of mucosa-associated bacterial communities with bacterial species that differed from those associated with the ingesta of both calves and chickens. Our results demonstrate that analysis of only fecal samples will not reflect the bacterial communities of the total GIT. Furthermore, an age-dependent, mucosa-and ingesta-associated bacterial diversity was indicated, although age and diet were confounded. Future research comparing animals under different diets will help to understand ingesta-associated bacterial populations and their interactions with the mucosal community and with the host. this project was also partially provided by James McGill Professorship fund from McGill University to Dr. Xin. Zhao. Authors would also like to thank Dr. Laksiri Goonewardene for his assistance in statistical analysis.
